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Reϕ ≈ 2.4 · 106  
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Reϕ ≈ 2.4 · 106   λturb ≈ 0.17
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Reϕ = 2.46 · 106














	ﬁﬃﬂnI"856 <	2H1`I" Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z#g6HLI















	ﬁﬃﬂnI"8 ZUZ Z Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z#g6HLI















	ﬁﬃﬂnI"8 Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z#g6HNG
h_Z H_g ]B 
D































ﬀﬀN	2H1`I" Z Z Z Z Z Z Z Z#g6HKJ






































	Y	ﬁﬃﬂH Z Z ZUZ Z Z Z Z Z Z Z Z#g)hNG

 Z k 
_L8QR
F16 `I"ﬀd1# 
		ﬀQ Z Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z#g)hh










Z Z Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z#g)hNZ














GZ Z Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z#g)h




















 Z Z Z Z Z Z Z Z ZUZ Z Z Z Z Z Z Z Z ZUZ Z Z ZMINH
IZ k 





























ﬀﬀN	2H1`I" Z Z Z Z Z Z Z ZUZ Z Z Z[Jh
h_ZJg # ﬀ`I"UcnI"		ﬁﬃﬂnI" rHI"d	YR
"
;I" Z Z ZUZ Z Z Z Z Z Z Z Z ZUZ Z Z ZcgWkKZ









































































































































































































	Q	JI"	Q5 ;# ﬀﬁﬃﬂnID ﬀﬀ














m − 6 	ﬁﬃﬂH	ﬀ
















































































































































































































rHI"d		ﬁﬃﬂcﬀﬀJI ﬀ JI"Q5 I" 6 <	2Hn\
`I"
x − ﬀ	 D 	 D 	G












































































γ − ?1I"ﬀnI" D 	_Y D nI
















































































































































































































































c;L8	 `I r1ﬁﬃﬂ ﬀ  `I
rel



























































































































































































































































































I ﬀ.r1HRK	ﬀ_L I ﬀ	ﬂR
















































































k ﬀ_L8Nﬂ	d\ X 


































4 Laufschaufel / Rotor
5 Leitschaufel / Stator



























































































































lQUZ 6  \
































JI "KI%ﬀﬀﬁﬃﬂ T!Nﬂﬀﬀ_L I@	YNJI




Yﬀ_ r H1`I" ﬀ_L
D
ﬀ ﬀ1ﬃ 	ﬀ	ﬁﬃﬂH

































































































































































































ﬂ Q5ﬀ	Yﬀﬀ2 ﬀ	PrHI%	ﬀnI" 





























































































ﬀﬀﬁﬃﬂ AMF@X ﬃ `L<











































I ﬀ_L8Nﬂ	d\ X 
r1HRK	ﬀ_L I"2H1`I" ﬀ ﬀ F7ﬀI"	ﬀQ 	
ﬀ
































































































































































































HK`I  	  cﬀM`Iﬃ
	 	ﬀﬁﬃﬂbﬀM	ﬁﬃﬂ	;I%;I"T!Nﬂﬀﬀ_L I

_L8ﬂ ;I7dnI"? ﬀﬁﬃﬂ6 ﬀdﬀ+
`Iﬃ
	ﬁﬃﬂbJI 7Q5# _L I qZ ﬂqZﬀ





















































































































































































































































































I"ﬀ	 r1ﬁﬃﬂﬀQ5.ﬂ JI oﬀJL8bd	
!	ﬀﬀﬁﬃﬂH  rHI"d	ﬁﬃﬂR







































































































	 	ﬁﬃﬂ	ﬀQ5)6  	ﬀﬀﬁﬃﬂH 	NﬁﬃGZ
F7N04#I
D













































































































































































































































































































































































































































































vr = rΩF (ζ) , vϕ = rΩG (ζ) , vz =
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cM = 1.91 · Re−0.5ϕ

k1Z J





































































bbSQ `I"F# _L I"Z




















































































































































































































































































































































































































ﬂﬀ ﬀ 6 	ﬀﬁﬃﬂ















































	Qﬀ		 ﬀ 6 	ﬀﬁﬃﬂ
2 · 105 < Reϕ < 4 · 106
f

























































































































k1Z kFR	ﬀ r1ﬁﬃﬂﬀQ5 \M!	ﬀﬀﬁﬃﬂHE cﬀQ	
D
nI gg
Theodorsen & Regier (1944)
Truckenbrodt (1954), Gl. 2.14, v /u=2
¥
Truckenbrodt (1954), Gl. 2.14, v /u=4
¥
Gl. 2.15, R/k =125s
Gl. 2.15, R/k =1205s
Gl. 2.15, R/k =3000s
Theodorsen & Regier (1944), R/k =1205s
laminar, Gl. 2.8
v. Karman (1921), Gl. 2.11
Dorfman (1963), Gl. 2.12




















































































































































































































































































Reϕ ≈ 2.2 · 105
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0 < β < 1
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Reϕ > 3 · 105 CD
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0.06 < G < 0.18
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cM = 0.051 · (s/R)0.1 · Re−0.2ϕ ·
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cM = cM,1 + cM,2 + cM,3
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P = M · Ω =
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Reϕ ≈ 2.1 ·105
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4a,b 5 6 7






















































cw,min = C ·Gmc · Renϕ 0.0025 < Gc < 0.04
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, T1tot = T0tot
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3 Zielsetzung der Arbeit
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12 Rotortasche / Shank Cavity
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16 Einsatz für Lagerkühlung
12
r =220 mmm
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σr = A1 +
A2
r2
− α · ρ · (Ω · r)2   σϕ = A2 −
A2
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σr,a · r2a − σr,i · r2i
r2a − r2i
+ α · ρ · Ω2 · (r2a + r2i )
A2 = − (σa − σi)
r2a · r2i
r2a − r2i
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σV > 200 N/mm
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σV = 255 N/mm
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m˙L = α · ε ·
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Traversierung der Sonden in der r-z-Ebene
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f = 18 mm
Linse (f = 200 mm)
Blende (d = 1.5 mm)
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p6 204.6 204.6 204.6
p7 184.6 184.6 184.6
p8 154.6 154.6 154.6
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Drehmomentenmeßwelle, über Kupplungen zwischen
Motor und Meßstrecke geschaltet
Rotorscheibe
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c ·10 [-]w,min -3
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
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c ·10 [-]w,min -3
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Reϕ = 2.2 · 106
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c ·10   [-]w,min
-3
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c ·10   [-]w,min
-3
0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
Re ·10   [-]
j
-6
Stator mit Bolzen (N=19; l/d=2.5)
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Daily & Nece (1960), Gl. 2.22
Pantell (1950), Gl. 2.18
Daily & Nece (1960), Gl. 2.20
fr. Scheibe, laminar (Gl. 2.8)
fr. Scheibe, turb. (Gl. 2.12)
Messung / G =0.002c
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c ·Re [-]M ϕ0.2
0.00 0.05 0.10 0.15 0.20 0.25
λturb [-]
Owen (1988), Gl. 2.33
Daily et al. (1964), Gl. 2.34

























































c ·Re      [-]M j
0.2
0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55
lturb [-]lturb=0.219
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c ·Re      [-]M j
0.2
0.0 0.1 0.2 0.3 0.4 0.5
lturb [-]
lturb=0.219 freie Scheibe (Gl. 2.11)
G =0.004c
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Dc /c [%]M M



















-6 Re ·10 [-]j
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c ·Re [-]M j
0.2
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c ·Re      [-]M j
0.2
0.0 0.1 0.2 0.3 0.4 0.5
lturb [-]





















































































































c ·Re      [-]M j
0.2
0.0 0.1 0.2 0.3 0.4 0.5
lturb [-]
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Rotor-Stator Konfiguration ohne Rotortaschen,
Bolzenlänge 15mm
c  =11000 - 66000w
G  =0.004
G   =0.0073
c
c.i
Rotorscheibe mit Taschen (Tiefe 20mm, scharfe
Kante), Bolzenlänge 15mm
c  =11000 - 66000w
G  =0.004






Dc /c [%]M M
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Reϕ = 8.5 · 105

Ω · rm = 46
  %

Reϕ = 2.8 · 106
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pi   · piBohrung

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pi = pi   · piBohrung pi   cw λturb = cw ·Re−0.8ϕ
1.67 1.33 .. 1.37 48000− 49000 0.33 − 1.49
1.50 1.26 .. 1.29 40000− 41000 0.29 − 1.33
1.34 1.19 .. 1.21 31000− 33000 0.23 − 1.11































p -p [Pa]+ -
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pi   ≈ 1.36  	ﬀﬂV^7
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Ω · rm = 115
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Strömungsfelder zwischen zwei benachbarten Rotorbohrungen, Druckverhältnis =1.67p
Re =8.5 10 ; W r =46.1 m/s
5
mj Re =1.3 10 ; W r =69.1 m/s
6
mj Re =1.7 10 ; W r =92.2 m/s
6
mj
Re =2.1 10 ; W r =115.2 m/s
6
mj Re =2.5 10 ; W r =138.2 m/s
6
mj Re =2.8 10 ; W r =161.3 m/s
6
mj
Re =8.5 10 ; W r =46.1 m/s
5
mj Re =1.3 10 ; W r =69.1 m/s
6
mj Re =1.7 10 ; W r =92.2 m/s
6
mj
Re =2.1 10 ; W r =115.2 m/s
6
mj Re =2.5 10 ; W r =138.2 m/s
6









































































































Strömungsfelder zwischen zwei benachbarten Rotorbohrungen, Druckverhältnis =1.67p
Re =8.5 10 ; W r =46.1 m/s
5
mj Re =1.3 10 ; W r =69.1 m/s
6
mj Re =1.7 10 ; W r =92.2 m/s
6
mj
Re =2.1 10 ; W r =115.2 m/s
6
mj Re =2.5 10 ; W r =138.2 m/s
6
mj Re =2.8 10 ; W r =161.3 m/s
6
mj
Re =8.5 10 ; W r =46.1 m/s
5
mj Re =1.3 10 ; W r =69.1 m/s
6
mj Re =1.7 10 ; W r =92.2 m/s
6
mj
Re =2.1 10 ; W r =115.2 m/s
6
mj Re =2.5 10 ; W r =138.2 m/s
6






































































Düsenaustritt (Position 2) / Bohrung
Düsenaustritt (Position 2) / Wand









Position 1 / Wand
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b Weff t,g m=v / ·r   [-]
0 1 2 3 4 5 6 7 8
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T -T [K]tot,rel 0tot


















T /T [-]tot,rel 0tot
0.0 0.5 1.0 1.5 2.0
b Weff m t,g
-1= ·r /v [-]
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T -T [K]tot,rel 0tot





Kühlung berechnete Temperaturverläufe bei
polytroper und
isentroper
tatsächlicher Temperaturverlauf / Meßwerte
Erwärmung
bzw. Verluste in der Düse















T -T [K]tot,rel 0tot
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(T -T )/(T -T ) [-]0tot tot,rel 0tot tot,rel,polytrop
0.0 0.5 1.0 1.5 2.0
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T -T [K]tot,rel 0tot

















T -T [K]tot,rel 0tot

















T -T [K]tot,rel 0tot












T -T [K]tot,rel 0tot
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1: blau ;  2: violett ;  3: grün








































































































































































































































cos2 α∗ · sin µδ − 12
√
2 · sin η∗ cos α∗ sin ∆µ









cos2 α∗ · (sin µδ + sin µε)






cos2 α∗ · sin µε + 12
√
2 · sin η∗ cos α∗ sin ∆µ










cos2 α∗ · cos µδ sin ∆µ













cos µδ sin µε










cos2 α∗ · cos µε sin ∆µ














cos2 α∗ · cos µδ − 12
√
2 · sin η∗ cos α∗ cos ∆µ









cos2 α∗ · (cos µδ − cos µε)






cos2 α∗ · cos µε + 12
√
2 · sin η∗ cos α∗ cos ∆µ
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